Proventricular structure, analyzed by scanning electronic microscopy, is compared among 28 species of solitary bees representing four families. Observations on the shapes of proventricular folds and on hair-like cuticular projections are presented, discussed, and suggested as useful to future studies of bee systematics.
Introduction
In bees, the foregut consists of the pharynx, esophagus, crop (honey sac), and proventriculus (Chapman, 1998) . The proventriculus is the most specialized part of the foregut; it lies between the honey sac and the midgut (Snodgrass, 1956) . It is subdivided into three parts: (1) an anterior end that protrudes into the honey sac lumen and forms the proventricular bulb, which consists of four lips leaving an x-shaped opening; (2) a midsection or neck; and (3) a posterior cardiac valve situated within the midgut lumen (Cruz-Landim and Rodrigues, 1967; Serra˜o and Cruz-Landim, 1995) .
As the proventriculus is ectodermic in origin, it is lined by a sclerotized cuticular intima. At the proventriculus bulb level, this cuticle is highly sclerotized, and generally many hairs arise from the upper parts of the lips to form a comb. This comb filters solid particles from the crop contents down to the midgut as results of muscular action. Bailey (1952) and Peng and Marston (1986) have described this filtering mechanism. Bailey (1952) , Gibbs (1967) , Lebrun (1985) , Lebrun and Lequet (1985) , and Caetano (1988) have reported anatomical variation in the insect proventriculus, which they related to the feeding habits of the insects. However, some studies have shown that insect gut morphology is not variable in relation to feeding habits (for a review see Terra and Ferreira, 1994) .
The extant bees with species found in Brazil belong to five families: Colletidae, Halictidae, Andrenidae, Megachilidae and Apidae (Roig-Alsina and Michener, 1993; Alexander and Michener, 1995; Engel, 2000; Silveira et al., 2002) .
Data sets for reconstructing phylogenetic trees of bees are, for the most part, based on gross morphological or behavioral characters, or on molecular data (Cameron, 1991; Sheppard and McPherson, 1991; Roig-Alsina and Michener, 1993; Alexander and Michener, 1995; Drumond et al., 2000; Engel, 2000; Costa et al., 2003) . Anatomical, histological or cytological data are rarely incorporated, and the few such studies mostly pertain to other insects Bitsch and Bitsch, 1998; Klass, 1998; Kubrakiewicz et al., 1998; Strausfeld, 1998; Buschbeck, 2000; Ehmer and Hoy, 2000; Serra˜o, 2000; Peixoto and Serra˜o, 2001 ).
The purpose of the present paper is to investigate proventricular bulb morphology in solitary bees in order to contribute to future cladistic studies.
Materials and methods
Original observations are based upon dissections of freshly killed specimens collected in Vic¸osa, Minas Gerais state, Brazil.
The proventriculi were isolated from dissected guts and transferred to 4% paraformaldehyde at phosphate buffer 0.1 M, pH 7.2. The pieces were dehydrated in an ethanol series, transferred to hexamethyldisilazane (HMDS) for 5 min, air dried (Nation, 1983) , coated with gold, and analyzed under a Jeol scanning electron microscope (SEM).
Morphometric data on hair length and density were obtained from SEM micrographs, but due to low numbers of specimens per taxon, statistical analyses were not performed, except for the Spearman correlations between hair length and body size. Body size was determined from measurements of the thoracic intertegular distance (Cane, 1987) .
The 28 taxa used in this study (Table 1) include representatives of Apinae (Centridini, Exomalopsini, Eucerini, Emphorini, Ericrocidini, Tapinotaspidini, and Xylocopinae), Megachilidae, Colletidae, and Andrenidae, as well as outgroup wasps (Vespidae and Sphecidae). Data for Sphecidae and Vespidae were obtained from Serra˜o (2000) and von Zuben and Caetano (1994) .
Comparing proventriculi among solitary bees (Figs. 1-4), six characters (Appendix A: A-F) were used for phylogenetic considerations. Character polarity was determined using outgroup comparison (Watrous and Wheeler, 1981; Maddison et al., 1984; Nixon and Carpenter, 1993). Polarity was determined by comparison with three genera, one representing Sphecidae, and two Vespidae (Table 1) , the principal outgroup. Character states represented in the outgroup were considered as plesiomorphic and coded (0). Morphometric data were obtained by simple distance measures; hair densities were obtained as the number of hairs in an area of 100 mm 2 on the proventriculus. These morphometric characters show differences between individuals, and the respective ranges of such variation constituted the character states used in the analysis. Where these ranges did not overlap among taxa, the data were taken for cladistic analysis; their polarity was also based on comparison with outgroup taxa, unless values for the latter overlapped those of any ingroup taxon. For characters with two or more states, all were considered as unordered using character state optimization accelerated transformation (ACCTRAN). Cladistic analyses were performed using the computer program PAUP, version 4.0b10 (Swofford, 1998) . Analysis of genera employed PAUP's star-decomposition search option. Results were illustrated by using TreeView version 16.6. 
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Results
In all species studied, the proventricular bulb is located inside the crop (Fig. 1) , and formed by four thick folds of the proventricular wall, the apical external surfaces of which present large numbers of hairs (Figs. 1 and 2). Each proventricular fold can be divided in two regions: an apical region forming a movable lip carrying hairs, and a basal plate without hairs, but covered by a chitinous cuticle (Figs. 1 and 3) .
Within the basic morphological pattern described above, some variation can be considered among the different bee groups analyzed.
Among Apinae, Centris, Epicharis, Thygater and Mesocheira present a high density of proventricular hairs ( Table 2 ) that form plates with 5-8 spine-like projections (Fig. 4) . Melitoma, Arhysoceble and Exomalopsis have the hairs long and thread-shaped (Figs. 5 and 6), and arranged at medium density (Table 2) , whereas Melissoptila has relatively sparse hairs ( Table 2 ) that are spine-like (Fig. 7) .
Xylocopa is the only genus studied in which barbed proventricular hairs were observed. The barbs are very short and arise from one side of the longer hairs only (Fig. 8) . Barbed hairs were 4.3471.52 and 5.7470.70 mm long in X. frontalis and X. subcyanea, respectively, while long hairs were 76.7775.75 and 78.4073.60 mm long in X. frontalis and X. subcyanea, respectively, but at low densities (Table 2) .
In Megachilidae, the proventricular basal plate is widened (Fig. 9) , contrasting with columnar folds found in the others bees analyzed; the thread-shaped hairs are distributed at medium density (Table 2 ; Fig. 10 ).
The proventricular bulb tip in Oxaea flavescens carries hairs with a cylindrical base approx. 10 mm in length, from which three longer branches arise (Fig. 12) . On the inner surface of the proventriculus there are hairs of various sizes: long and thread-shaped hairs, and very short hairs scattered among the long ones (Fig. 11) . Both hair types are present at low densities (Fig. 12) .
Ptiloglossa sp. (Colletidae) has proventricular folds with an enlarged base and a triangular apex with a low density of spine-like cuticular projections (Figs. 13 and  14) .
Morphometric data on proventriculus hair length and density are summarized in Table 2 . No correlation (r ¼ À0:112, P ¼ 0:66) between hair length and body size of the bees was found.
By applying the character states for the proventricular bulb listed in Appendix A it is possible to use parsimony analysis to construct a tree based on these proventriculi characteristics alone (Table 3) . A consensus of the trees resulting from cladistic analysis is shown in Fig. 15 . The bee clade (node 1) is supported by the shape of the proventricular fold (character A). Node 3 is supported by the combination of character states A-3, B-3, C-1, and D-1. A trichotomy is found in node 5 that includes Arhysoceble, Melitoma and Exomalopsis. Node 9, which includes Xylocopinae, Colletidae and Melissoptila, is based on low hair density (character C-2), whereas Xylocopinae monophyly is supported by a strong autapomorphy (barbed hairs). Node 11 (Megachilidae) is strongly supported by character state A-3. The same applies to Oxaea, which has an autapomorphy in character state E-1. Most of the remaining nodes are weakly supported, because the same states also appear elsewhere in the tree.
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Discussion
The observed differences in hair length do not correlate with differences in body size, but may suggest that species with low proventricular hair density have longer hairs, which is supported by this characteristic in Xylocopa, Oxaea, Exomalopsis and Melitoma, although not in Melissoptila. As the function of the hairs is to transfer solid particles of food (pollen grains) from the crop to the midgut (Peng and Marston, 1986) , species with few proventricular hairs have this functional activity enhanced by long hairs.
Presence of a proventricular bulb formed by four folds of the wall corroborates the hypothesis of Serra˜o (2000) that this structural organization of the proventriculus is a symplesiomorphy for bees, because similar proventriculi were found in other bee groups and sphecid wasps (Serra˜o and Cruz-Landim, 1995; Serra˜o, 2000) , ants (Caetano, 1984) , and Polistinae wasps (von Zuben and Caetano, 1994) .
ARTICLE IN PRESS
Figs. 13-14. Scanning electron micrographs of proventriculus structures. 13. Proventricular bulb in Ptiloglossa sp., showing basally enlarged folds that become triangular towards their apices; scale bars ¼ 100 mm. 14. Spine-like cuticular projections on proventriculus in Ptiloglossa sp.; scale bar ¼ 10 mm.
The proventricular hairs forming plates with numerous spine-like tips were also found in Bombini, Euglossini, Sphecidae and Halictidae (Serra˜o, 2000) , and in Polistinae wasps (von Zuben and Caetano, 1994) . In relation to the other character states in the proventricular hairs, thread shape constitutes a synapomorphy for Exomalopsini, Tapinotaspidini and Emphorini. On the other hand, a very low density of short hairs may be considered an apomorphy for Melissoptila, which disagrees with their inclusion in Eucerini, because the two Thygater species have hairs similar to those found in Centridini and Ericrocidini. Thus, I consider that the proventricular hairs are a multi-state character, with organization in plates with spine-like projections being the plesiomorphic condition, because this is the hair condition found in the outgroups, whereas the others states are derived.
Barbed hairs also have been observed in Xylocopa coerulescens (see Tosi, 1895) , and this condition can be considered an apomorphy for Xylocopa, corroborating the subfamily status of Xylocopinae as proposed by Roig-Alsina and Michener (1993) .
Presence of two types of hairs found in the proventricular movable lips of O. flavescens is a condition considered an apomorphy for Andrenidae. Serra˜o (2000) suggests that a columnar fold is a symplesiomorphic condition for bees, thus the widened basal plate is an apomorphic condition for Megachilidae, because it is present in both Anthidini and Megachilini. The pattern of proventricular folds in Ptiloglossa suggests an apomorphy for the genus.
A phylogeny based solely on proventriculus characteristics results in a tree with some differences from the phylogeny based on conventional morphological characters (Roig-Alsina and Michener, 1993; Alexander and Michener, 1995) . However, some considerations may be hypothesized. Eucerini is not a monophyletic clade, because Melissoptila cannot be included together with Thygater species. Ericrocidini, Tapinotaspidini, Exomalopsini and Emphorini constitute a related group. Moreover, character A-1 (long columnar proventricular fold) is widely distributed, and characters D-1 (spinelike hairs) and C-1 (medium hair density) appear in Megachilidae, thus this group would have little support. On the other hand, this clade agrees with cladogram 2b of Roig-Alsina and Michener (1993) . Megachilidae is a monophyletic clade, which has been well known. For Andrenidae and Colletidae only one species each was analyzed, thus further phylogenetic considerations are impossible here. In the cladogram (Fig. 15) , the paraphyletic Sphecidae (Alexander, 1992) is sister group to bees+wasps, making Apoidea paraphyletic. However, the present work professes itself with matters inside Apoidea, and the number of characters and species for Vespidae and Sphecidae do not permit conclusions on major relationships, because they are used only for the determination of character polarity.
The use of quantitatively variable characters in phylogenetic analysis has been criticized, because coding quantitative characters into states may introduce artificial distinctions in cladistic analyses (Pimentel and Riggins, 1987; Farris, 1990) . On the other hand, quantitative characters should be used when there is no overlap among their character states, and the arguments against their use are not supported by systematic theory (Zelditch et al., 1995; Swiderski et al., 1998) . In the analysis presented here, morphometric data are useful because they represent autapomorphies that strongly support the Xylocopa and Oxaea clades.
As phylogenetic analyses should be made using the greatest possible number of characters, my contribution is to show that the proventricular characteristics can provide insights into the relationships of bees. 
